Abstract. Controlled releasing of regulations remains the most convenient method to deliver various drugs. In the present study, we precipitated gold nanoparticles with chrysophanol. The gold-chrysophanol into poly (DL-lactide-co-glycolide) nanoparticles was loaded and the biological activity of chrysophanol nanoparticles on human LNCap prostate cancer cells, was tested to acquire the sustained releasing property. The circular dichroism spectroscopy indicated that chrysophanol nanoparticles effectively resulted in conformational alterations in DNA and regulated different proteins associated with cell cycle arrest. The reactive oxygen species (ROS), apoptosis, cell cycle, DNA damage, Cyto-c and caspase-3 activity were analyzed, and the expression levels of different anti-and proapoptotic were studied using immunoblotting analysis. The cytotoxicity assay suggested that chrysophanol nanoparticles preferentially killed prostate cancer cells in comparison to the normal cells. Chrysophanol nanoparticles reduced histone deacetylases (HDACs) to suppress cell proliferation and induce apoptosis by arresting the cell cycle in sub-G phase. In addition, the cell cycle-related proteins, including p27, CHK1, cyclin D1, CDK1, p-AMP-activated protein kinase (AMPK) and p-protein kinase B (AKT), were regulated by chrysophanol nanoparticles to prevent human prostate cancer cell progression. Chrysophanol nanoparticles induced apoptosis in LNCap cells by promoting p53/ROS crosstalk to prevent proliferation. Pharmacokinetic study in mice indicated that chrysophanol nanoparticle injection showed high bioavailability compared to the free chrysophanol. Also, in vivo study revealed that chrysophanol nanoparticles obviously reduced tumor volume and weight. In conclusion, the data above suggested that chrysophanol nanoparticles might be effective to prevent human prostate cancer progression.
Introduction
Currently, prostate cancer is the most commonly diagnosed cancer in male and is a major cause of death in men aged 40-70 years (1, 2) . The gland of prostate surrounds the base of the male bladder and is likely prone to tumorigenesis in aged men (3, 4) . The burden of human prostate cancer in the world is increasing annually (5) . Thus, focusing on therapeutic strategies for prostate cancer is urgently necessary.
Naturally occurring compounds are considered as the most interesting agents to test for cancer prevention and therapy, due to their anticipated multimodal actions and limited toxicity, affecting the signaling pathways within the cells, including regulation of cell proliferation, activation of apoptosis and modulation of cell cycle arrest (6, 7) . Chrysophanol (1,8-dihydroxy-3-methylanthraquinone), extracted from plants of Rheum genus, is one of the anthraquinone compounds, which has been suggested to induce cell death in different types of cancer cells (8, 9) . The effects of chrysophanol on human prostate cancer cell death have not been studied. However, the naturally derived compounds have limitations of preservation, bioavailability and low water solubility. Thus, delivering the compound requires product formulations to maintain the active molecular form until consumption, as well as to preserve stability, bioactivity, and bio-availability, which is the central goal of developing a nanoparticle (NP)-based system. Nanoparticulate drug delivery system for drug intranasal administration needed less amounts of administrations to induce the required pharmacological reaction due to its ability to locate on the target region and supply controlled drug delivery for prolonged time periods (10, 11) . Accordingly, the concentrations of polyphenols, which appear to be effective in vitro, are usually an order of magnitude higher than the levels tested in vivo (12, 13) . Thus, delivering these natural compounds needs product formulations to keep the active form of the molecule until consumption, and to maintain stability, bioavailability, and bioactivity, an essential Gold-chrysophanol nanoparticles suppress human prostate cancer progression through inactivating AKT expression and inducing apoptosis and ROS generation in vitro and in vivo point to explore a nanoparticle-based system. Surface functionalization of gold nanoparticles (AuNPs) is important for biomedical applications, which target them to specific disease areas and selectively allow them to interact with biomolecules or cells. Surface conjugation is usually achieved by adsorption of the ligand to the surface of gold. Thus, they have been widely investigated for cancer because of their unique size and intrinsic optical properties, including localized surface plasmon resonance (14, 15) . Additionally, long-term circulating NPs are desirable in systemic applications, including passive targeting of tumors and inflammatory sites. Poly (ethylene glycol) (PEG)/poly (lactic-co-glycolic acid (PLGA)-modified NPs have a long-term circulating property, as they can evade macrophage-mediated uptake and removal from systemic circulation (16, 17) .
Inhibiting cancer cell cycle and proliferation rates relies on various parameters, including DNA structural alterations and suppressing the activities or expression of histone deacetylases (HDACs) (18) . These anti-proliferation promoting activities can make drugs more specific for various cancers (19, 20) . As previously indicated, HDACs was highly expressed during the cellular oncogenesis (21) . HDAC1 was the first identified mammalian HDAC and is considered the prototype of the HDAC family (22) . Overexpression of HDAC1 is significantly associated with higher lymphatic metastases and decreased the survival rates in patients with gastric cancer (23) . Recently studies showed that elevated levels of HDAC3 expression and activity caused epigenetic alterations associated with malignancies (24) . HDAC6 is involved in protein trafficking and degradation, cell shape and migration. Deregulation of HDAC6 activity is associated with a variety of diseases including cancer leading to a growing interest for developing HDAC6 inhibitors (25, 26) . Increased HDAC6 expression and/ or activity have been demonstrated to promote cell migration and tissue invasiveness. HDAC6 has also been shown to be required for oncogenic transformation and tumor formation. Upregulated HDAC6 has been observed in a number of different cancers and recently, specific HDAC6 inhibitors have been found to inhibit cell growth and prevent tumor formation in mouse models (27) (28) (29) . Also, the use of HDACs inhibitors could suppress cancer cells both in vivo and in vitro through regulating gene expression, and protein levels to prevent tumor progression (30) . We explored the effects of formulated chrysophanol nanoparticle on human prostate cancer cell lines in vitro and confirmed the possible molecular mechanisms involved in apoptosis induction in prostate cancer cells. We found that chrysophanol nanoparticle could reduce prostate cancer cell viability by the induction of apoptosis through ROS, which was associated with p53 expression. Chrysophanol nanoparticle also decreased the expression of HDACs, indicating its role in suppressing human prostate cancer cell proliferation. Also, in vivo, the mouse models revealed that chrysophanol nanoparticle showed high bioavailability compared to the free chrysophanol. The significantly reduced tumor volume and size was observed.
Materials and methods
The preparation of chrysophanol nanoparticle. High performance liquid chromatography-grade chrysophanol was purchased from SeeBio (Shanghai, China) in an anhydrous powder formation. AuNPs were synthesized by downregulating gold chloride (1 mM) with a freshly prepared chrysophanol solution in absolute alcohol. The pale-yellow solution changed to the deep red as chrysophanol nanoparticle (0, 10, 30, 50, 70, 90, 110 and 130 µM) were formed. PLGA (50 mg) was added into an AuNPs aqueous dispersion, which were added to an aqueous solution containing a stabilizer. The mixture was then stirred at 400 rpm, 4˚C, until the organic solution had completely evaporated. The redundant stabilizer was diminished by washing and centrifugation at 25,000 x g, 4˚C, for 30 min. Then, the pellet was re-suspended in Milli-Q water. Chrysophanol nanoparticles were stored at 4˚C for the following study. Furthermore, the concentrations of chrysophanol nanoparticles used in our study were dependent on the doses of chrysophanol attached to nanoparticles. Thus, the mount of chrysophanol attached to nanomaterial was not higher than free chrysophanol used in each group. The mean size and the size distribution of the chrysophanol nanoparticle were determined by dynamic light scattering (DLS) with a Zetasizer Nano ZS90 by Malvern Instruments (UK). The surface morphology of the chrysophanol nanoparticle was determined by SEM (Jeol NeoScope JCM-5000 Benchtop, WA, USA).
Cells and culture. Human prostate cancer cell lines, DU145, LNCap and PC3, were purchased from American Type Tissue Collection (ATCC, USA). Human prostate normal cell line, RWPE-1, and human normal liver cell line, L02, were obtained from KeyGene Biotech (Nanjing, China). DU145, LNCap and PC3 cells were cultured in RPMI-1640 (Gibco, USA) supplemented with 10% fetal bovine serum (Gibco). RWPE-1 and L02 were cultured in DMEM (Gibco) supplemented with 10% fetal bovine serum (Gibco). All cells were incubated at 37˚C and maintained at 5% CO 2 . The cells were cultivated in the absence or presence of various concentrations of chrysophanol nanoparticles for 24 h, which were harvested for the following research. All cancer cells were transfected with (100 nM) nonsense control and siRNA against p53 (#1:5'-GUA AGG AGA AUG GGU AUG GCG U; #2:5'-GUA UGG GUG AUG AGC AGG GAG AU) for 48 h using Lipofectamine 2000 (Invitrogen, USA) according to the manufacturer's protocol. The ROS scavenger NAC was purchased from SigmaAldrich (USA), which was treated in the culture medium at a final concentration of 1 mM for 1 h before chrysophanol nanoparticles administration. P53 inhibitor, pifithrin-α (PIF-α), was obtained from TargetMol (USA) and was administered to the culture medium at a final concentration of 30 µM in the absence or presence of chrysophanol nanoparticles (90 µM) for 24 h. Also, caspase-3 inhibitor, Z-VAD-FMK (Sigma-Aldrich), at dose of 10 µM, was administered to cells according to the manufacturer's instructions.
Survival rate analysis. Human prostate cancer cells (1x10 4 cells per well) were planted in triplicate on a 96-well plate and incubated overnight before various treatment for different time as indicated. After incubation, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) dye was added, and the mixture was then incubated for 4 h. The dye was solubilized with 100 µl of DMSO (KeyGen Biotech). The plates were read at 570 nm on an automated microtiter plate reader. A blank well that contained only media and drug was used as a control for all the experiments.
Flow cytometric analysis. The cells were seeded at 0.75x10 5 cells/ml. Cell cycle assays were carried out in LNCap cells. Chrysophanol nanoparticle (90 µM) was applied on LNCap cells for 24 h. Then, all cells were harvested, washed with PBS, fixed and subsequently incubated with RNaseA (KeyGen Biotech). Next, the cells were stained with 50 µg/ml propidium iodide (PI, Sigma-Aldrich) and the readings were obtained in flow cytometer (BD Biosciences, USA).
For apoptosis analysis, the cells were harvested after treatment with chrysophanol nanoparticle (90 µM) or PIF-α (30 µM) for 24 h and stained with the Annexin V/PI Cell Apoptosis Detection Kit (KeyGen Biotech) according to the manufacturer's instructions. The cells in early stages of apoptosis were Annexin V-positive and PI-negative, and the cells in the late stages of apoptosis were both Annexin V and PI-positive. The acquisition of results and analysis were carried out with a Becton-Dickinson FACSCalibur flow cytometer using Cell Quest software.
The number of apoptotic cells was calculated using the Fluorescein Active Caspase-3 Staining kit (Abcam, UK) and In Situ BrdU DNA Fragmentation assay kit (Abnova, USA) according to the manufacturer's instructions. The proportion of caspase-3 in active form and TUNEL-positive cells was analyzed by using a flow cytometer (BD Biosciences).
ROS generation was analyzed by flow cytometry. The cells treated under various conditions as described, and then were harvested and fixed with the ice-cold methanol (70%). Fixed cancer cells were incubated with H 2 DCFDA (Sigma-Aldrich) for 20 min in the dark according to the manufacturer's instructions. Fluorescence intensity was determined by the use of FL1H filter of the flow cytometer.
The cellular uptake and binding capability with DNA in cells. The cellular uptake of chrysophanol nanoparticle in LNCap cells was analyzed using fluorescence method. The cancer cells were washed with PBS twice. The cells after washing were re-suspended in medium and subsequently incubated with chrysophanol nanoparticle for different time intervals (0, 60, 90, 120, 180, and 480 min). Cells were then observed under a fluorescence microscope (Olympus, Japan), and the representative images were captured. For assessment of the interaction of chrysophanol nanoparticle with nuclear DNA, LNCap cells were treated with chrysophanol nanoparticle for different times as indicated. After incubation, the nuclear DNA of LNCap cells were extracted and purified using DNA and RNA Purification:Genomic DNA (Sigma-Aldrich). The collected DNA was applied to analyze the circular dichroism spectra using a spectroscope.
Hoechst analysis. The prostate cancer cells, after chrysophanol nanoparticle administration (0, 70, 90 and 110 µM) for 24 h on 12-well plates were stained with 10 µg/ml of Hoechst 33342 (Life Technologies Corp., USA) in 1 ml PBS for 30 min. Hoechst 33342 was applied for staining of nuclei of cells. After staining, samples were rinsed with PBS once and 1ml of PBS was added for observation using a fluorescent microscope.
Western blot analysis. The prostate cancer cells were harvested after various treatments and were homogenized into 10% (wt/vol) hypotonic buffer (pH 8.0, 1 mM EDTA, 5 µg/ml leupeptin, 25 mM Tris-HCl, 1 mM Pefabloc SC, 5 µg/ml soybean trypsin inhibitor, 50 µg/ml aprotinin, 4 mM benzamidine) to yield a homogenate. Also, then the final supernatants were obtained by centrifugation at 15,000 rpm for 15 min. Protein concentration was determined by BCA protein assay kit (Thermo Fisher Scientific, USA) with bovine serum albumin as a standard. The total protein extract was used for western blot analysis. Equal amounts (40 µg) of total protein were subjected to 10% SDS-PAGE followed by immunoblotting with the following primary polyclonal antibodies: rabbit anti-p53 (Abcam, USA), rabbit anti-Bax (1:1,000, Abcam), rabbit anti-caspase-3 (1:1,000, Abcam), rabbit anti-AMPK (1:1,000, Cell Signaling Technology), rabbit anti-p-AMPK (1:1,000, Cell Signaling Technology), rabbit anti-AKT (1:1,000, Cell Signaling Technology), rabbit anti-p-AKT (1:1,000, Cell Signaling Technology), rabbit anti-HDAC1 (1:1,000, Abcam), rabbit anti-HDAC3 (1:1,000, Abcam), rabbit anti-HDAC6 (1:1,000, Abcam), rabbit anti-Apaf-1 (1:1,000, Abcam), mouse anti-Bcl-2 (1:1,000, Cell Signaling Technology), rabbit anti-PARP (1:1,000, Cell Signaling Technology), rabbit anti-p27 (1:1,000, Cell Signaling Technology), mouse anti-Bcl-xl (1:1,000, Abcam), rabbit anti-Ac-p53 (K382) (1:1,000, Abcam), rabbit anti-Ac-p53 (K373) (1:1,000, Abcam), mouse anti-Ac-Histone H3 (AH3-120) (1:500, Santa Cruz Biotechnology, USA), rabbit anti-Cyto-c (1:1,000, Abcam) and anti-GAPDH (1:500, Abcam). Immunoreactive bands were visualized by ECL Immunoblot Detection system (Pierce Biotechnology, Inc., Rockford, IL, USA) and exposed to Kodak (Eastman Kodak Co., USA) X-ray film. Each protein expression level was defined as grey value (Version 1.4.2b, ImageJ, National Institutes of Health, USA) and standardized to housekeeping gene of GAPDH and expressed as a fold of control. All experiments were performed in triplicate and done three times independently.
Chrysophanol pharmacokinetics in mice. Eighty, 8-week-old C57BL/6J male mice (18-22 g), were purchased from Shanghai Slac Laboratory Animal Co. Ltd. (Shanghai, China). The mice were raised in air-conditioned pathogen-free rooms under controlled lighting (12 h light/day) and fed with water and standard laboratory food. The animal study was carried out according to the regulations of The Sixth Affliated Hospital of Sun Yat-Sen University (Guangzhou, China). The chrysophanol dose was 100 mg/kg for the free fisetin (n=35) and 50 mg/kg of its nanoemulsion (n=35). Mice were sacrificed at 0, 2, 4, 6, 8, 10, 12, 14, 16, 18, 20, 22 and 24 h. The blood was obtained by cardiac puncture, centrifuged at 10,000 x g for 10 min, and the harvested plasma was kept frozen at -20˚C until HPLC analysis. Finally, liver, renal and lung tissue samples were isolated from mice, and then stored in 4% paraformaldehyde and embedded in paraffin. Paraffin sections (3-µm thick) were stained with hematoxylin-eosin (H&E) and observed by light microscopy.
Mouse therapeutic trial. Four to six-week-old, female, BALB/c athymic nude mice (nu/nu) were purchased from Shanghai Slac Laboratory Animal Co. Ltd. Mouse care and usage were performed in accordance to local ethics guidelines. The mice were raised in air-conditioned pathogen-free rooms under controlled lighting (12 h light/day) and fed with water and standard laboratory food. The animal study was carried out according to the regulations of The Sixth Affliated Hospital of Sun Yat-Sen University (Guangzhou, China). Single-tumor cell suspensions (LNCap, 2x10 5 ) were injected into the left flank of each mouse subcutaneously to obtain prostate cancer xenografts. The mice were divided into three groups (15 mice/group) 5 days after cell implantation. Mice in the experimental groups were intraperitoneally injected with chrysophanol nanoparticle at a dose of 25 and 50 mg/kg body weight per day. Mice in the control group received an equal volume of normal saline. The tumor volume was calculated every two days by two crosssectional measurements, and the tumor size was measured as follows: tumor volume = width 2 x length x 0.4. Mice were sacrificed after 28 days, and the tumors were weighed and then fixed in 10% formalin for the following experiments.
Immunofluorescent assays. All cells were seeded onto glass coverslips for the experiment. After various treatments with chrysophanol nanoparticle for 24 h, the cells were harvested and washed with PBS, fixed with 4% formaldehyde for 10 min, permeabilized with 0.1% Triton X-100 for 5 min, blocked with 5% goat serum for 1 h, incubated with primary antibody overnight and then with secondary antibody (Alexa Fluor 488 labeled anti-rabbit; Sigma-Aldrich). The antibody used in the immunofluorescence staining was Cyto-c (1:200; Abcam, UK). Localization of Cyto-c was visualized using a confocal microscopy. Immunohistochemical analysis. Paraffin-embedded tumor sections were used for the blinded assessment of apoptosis levels. Mouse tumors were sectioned at 3 µM thickness, and terminal deoxynucleotidyl transferase (TdT) dUTP nick-end labeling (TUNEL) assay was carried out using light and electron microscope-based kits (R&D Systems, USA) for detecting DNA fragments. The tumor samples isolated from mice were collected, stored in 4% paraformaldehyde and embedded in paraffin. Paraffin sections (3-µm thick) were stained with hematoxylin-eosin (H&E) and observed by light microscopy.
Statistical analysis. Data are expressed as the means ± SEM. The treated cells, tissues and corresponding controls were compared using GraphPad PRI SM (version 6.0; GraphPad Software, USA) by a one-way ANOVA with Dunn's least significant difference tests or Student's t-tests. Differences between groups were considered significant at P<0.05.
Results
Gold-chrysophanol nanoparticle characterization and its cytotoxicity to prostate cancer cells. The surface morphology of chrysophanol nanoparticle was investigated under SEM. The images exhibited the spherically shaped chrysophanol nanoparticles with a smooth surface without cracks or pinholes (Fig. 1A) . The DLS results indicated that mean chrysophanol nanoparticle diameter was 107.5 nm (Fig. 1B) , and the zeta potential of chrysophanol nanoparticle was -18.8 mV (Fig. 1C) . In this study, we attempted to explore if chrysophanol nanoparticle could be useful to prevent human prostate cancer development. Three prostate cancer cell lines were chosen to evaluate whether chrysophanol nanoparticle was effective and specific. Therefore, a dose-dependent (0-130 µM) study using human prostate cancer cell lines, DU145, LNCap, and PC3, were performed. DU145 cell viability was downregulated by chrysophanol nanoparticle from 100 to 48.5±1.8%, LNCap cells were reduced from 100 to 36.8±2.2%, and PC3 cells were decreased from 100 to 46.9±2.8% (Fig. 1D) . As chrysophanol nanoparticle was more toxic to LNCap cells, all subsequent studies and experiments were conducted using LNCap cells. Prostate normal cells, RWPE-1, and human L02 normal liver cells were treated with chrysophanol nanoparticle to calculate the toxicity to normal cells. As shown in Fig. 1D , cell viability of the two cell types was decreased but showed a much lesser degree than that in the prostate cancer cell lines (Fig. 1D) . As shown in Fig. 1E-I, DU145 , LNCap, PC3, RWPE-1, and L02 cells were not given any treatment (Con) or only the nanoparticles (Con-NP) for different times (0, 2, 4, 6, 8, 12, 14, 16, 18, 20, 22 and 24 h) . Then, the cell viability was evaluated using MTT analysis. The results indicated that there was no significant difference among various groups of cells treated under Con and Con-NP for different times, indicating insignificant difference in results between the control and the drug untreated groups (only with nanoparticles). Thus, the media as control was used for comparing the experimental data for the sake of clarity and brevity.
The release of chrysophanol in mice after intraperitoneal administration and its toxicity to mice. According to the results above, chrysophanol nanoparticle was effective to suppress the growth of human prostate cancer cells, especially LNCap. For the chrysophanol nanoemulsion, a comparison of its pharmacokinetics after intraperitoneal (i.p.) administration with the free chrysophanol injected by the same route is shown in Fig. 2A . Compared to the i.p. administration of free chrysophanol, the results indicated that injection of chrysophanol nanoparticle resulted in a significant upregulation of chrysophanol concentrations in plasma, even at the dose of 50 mg/kg half that of the free chrysophanol dose (100 mg/kg), indicating the effectiveness of chrysophanol nanoparticle in the organisms. Furthermore, H&E staining of liver, renal and lung were performed to investigate if chrysophanol nanoparticle showed any toxicity to animals. Compared to the Con groups, no significant histology was observed in different groups of liver, renal and lung tissue samples (Fig. 2B) . The data above indicated that chrysophanol nanoparticle might be more effective than the free chrysophanol for human prostate cancer prevention with little toxicity to animals.
The effects of chrysophanol nanoparticle on prostate cancer cell proliferation and cell arrest. A proliferation assay was Figure 2 . The release of chrysophanol in mice after intraperitoneal administration and its toxicity to mice. (A) Chrysophanol pharmacokinetic in mice after intraperitoneal administration of free chrysophanol at 100 mg/kg, and after intraperitoneal administration of chrysophanol nanoemulsion at 50 mg/kg, the concentrations of chrysophanol in plasma of mice was evaluated. (B) Mice were administered with free chrysophanol and chrysophanol nanoemulsion at 100 and 50 mg/kg, respectively. Then, liver, renal and lung tissue samples were isolated for histology analysis using H&E staining. Data are shown as mean ± SEM.
carried out to further determine the anti-proliferative action of chrysophanol nanoparticle and free chrysophanol. The results revealed that the growth rates of prostate cancer cells treated with chrysophanol nanoparticle decreased compared to that of the control, and similar results were observed in LNCap cells with free chrysophanol treatment. Also, consistently, no significant difference was observed between the Con and Con-NP group (Fig. 3A) . Of note, chrysophanol nanoparticle exhibited higher anti-proliferative action, which was comparable to the free chrysophanol group. Chrysophanol nanoparticle increased the sub G-phase population and reduced the S-phase cell population, indicating induction of apoptosis in prostate cancer cells (Fig. 3B) . Additionally, expression of CHK1 and p27, cell cycle-related proteins, increased, while CDK1 and cyclin D1 were decreased, indicating that these proteins were related to induction of cell cycle arrest in chrysophanol nanoparticle-treated cancer cells (Fig. 3C) . We confirmed p-AMPK and p-AKT expression through western blotting. The results indicated that expression of the activated form of AMPK (p-AMPK) was upregulated in a time-dependent manner after chrysophanol nanoparticle treatment (Fig. 3D) . In contrast, p-AKT was downregulated by chrysophanol nanoparticle administration. The result suggested that chrysophanol nanoparticle affected AMPK and AKT phosphorylation, reducing the survivability and proliferative potential of LNCap cells. Histone deacetylation activity has been reported to be involved in cell proliferation (14) (15) (16) 18) . Here, western blot analysis indicated that HDAC1, HDAC3 and HDAC6 were significantly reduced by chrysophanol nanoparticle treatment to cells in a time-dependent manner (Fig. 3E) . We found that the global level acetylated Histone 3 (Ac-H3) was highly expressed with the increase of chrysophanol nanoparticle treatment (Fig. 3F) . In addition, chrysophanol nanoparticleinduced Ac-H3 expression was in a time-dependent manner, which was contrary to the expression of HDACs in cancer cells treated under the same conditions. HDACs inhibitor of TSA was exposed to cells. MTT analysis indicated that the cell viability was reduced by TSA time-dependently, which was similar to chrysophanol nanoparticle administration, indicating that chrysophanol nanoparticle inhibited HDAC activity (Fig. 3F) . The data above suggested that chrysophanol nanoparticle is a suppressor of transcription and proliferation.
The interaction of chrysophanol nanoparticle with DNA of prostate cancer cells.
A drug entering into cells and its binding capacity with DNA are important ways to produce cytotoxicity. The immunofluorescent analysis suggested that chrysophanol nanoparticle reached a maximum level inside the cells after incubation for 120 min (Fig. 4A) . However, in the cells treated with free chrysophanol exhibited weaker fluorescence compared to the group of cells with chrysophanol nanoparticles, indicating the more effective uptake of chrysophanol nanoparticles to cancer cells. In addition, the circular dichroism spectroscopic results indicated that chrysophanol nanoparticle injured the native B-confirmation of DNA in LNCap cells, with a gradually reduced negative signal and positive hypochromism signals with a peak shift. These alterations might to be the result of structural changes in the double helical DNA structure caused by chrysophanol nanoparticle (Fig. 4B) .
Chrysophanol nanoparticle increases ROS generation, p53 expression and apoptosis.
To reveal the molecular mechanism behind the cell death, ROS activity in chrysophanol nanoparticle-treated cells was evaluated using flow cytometry. The results indicated that ROS levels were produced in LNCap cells after chrysophanol nanoparticle treatment (Fig. 5A) . P53 knockdown reduced ROS generation (Fig. 5B) . This result confirmed that ROS production following chrysophanol nanoparticle treatment was an important event to regulate the cell death and production of ROS might be also controlled by p53 (Fig. 5B) . p53 expression was determined using western blot analysis. As shown in Fig. 5C , p53 expression in LNCap cells was increased dose-dependently. P53 expression increased early in chrysophanol nanoparticle treatment and then returned to the lower level. In addition, we found that Ac-p53 both at K382 and K373 sites was highly induced by chrysophanol nanoparticles in a dose-dependent manner. Also, administration of chrysophanol nanoparticles at 110 µM, we found that both Ac-p53 (K382) and Ac-p53 (K373) were highly induced, especially when treated for 24 h. The results indicated that acetylation of p53 was also involved in chrysophanol nanoparticle-suppressed prostate cancer cells. According to previous studies, HDAC inhibitors are also reported to induce acetylation in non-histone proteins (31) . For example, the HDAC1 inhibitor TSA leads to acetylation of p53 on K373 primarily under conditions in which cells are subjected to ionizing radiation, acting as a transcription factor regulating multiple genes important for the regulation of cell cycle arrest, senescence and apoptosis (32) .
LNCap cells were treated with the ROS scavenger NAC and p53 inhibitor PIF-α, as indicated in Fig. 6A to determine the relationship of p53 and ROS production. The data indicated that NAC treatment reduced p53 expression, which was enhanced by chrysophanol nanoparticle administration. Furthermore, the results showed that the NAC-treated cells combined with chrysophanol nanoparticle had a higher level of p53 expression compared to that of NAC-treated cells, while reduced p53 expression in comparison to the chrysophanol nanoparticle-treated cells. Also, in PIF-α-treated cancer cells, p53 was highly reduced, while its combination with chrysophanol nanoparticle upregulated p53 expression. Additionally, similar results were observed in p27 expression levels. Then, the cell viability was measured using MTT analysis. As shown in Fig. 6B and C, NAC and PIF-α treatment to cells showed upregulated cell viability, which were significantly reduced by treatment of chrysophanol nanoparticles. Also, NAC or PIF-α co-treated with chrysophanol nanoparticle increased the viability of LNCap cells. The data above indicated that chrysophanol nanoparticle-reduced cell proliferation was associated with ROS and p53 expression. Next, p53 expression was inhibited by PIF-α. Also, apoptosis of cancer cells was investigated using flow cytometry. The results indicated that PIF-α treatment decreased the number of apoptotic cells induced by chrysophanol nanoparticle (Fig. 6D) . Thus, chrysophanol nanoparticle-regulated p53 activity was involved in apoptotic response in prostate cancer cells.
Chrysophanol nanoparticle promotes the release of Cyto-c into cytoplasm. Cyto-c expression has been reported to be linked with apoptosis induction in cancer cells, which is also related to ROS generation (33, 34) . Thus, here we attempted to explore its role in chrysophanol nanoparticle-induced apoptosis in LNCap cells. As shown in Fig. 7A , chrysophanol nanoparticle treatment significantly enhanced the fluorescent intensity, indicating the Cyto-c expression levels. Also, NAC treatment reduced chrysophanol nanoparticle-caused high expression of Cyto-c through immunofluorescent assays (Fig. 7B) . Western blot analysis further confirmed that expression of Apaf-1 and Cyto-c in LNCap cells was upregulated by chrysophanol nanoparticle dose-and time-dependently ( Fig. 7C and D) . Together, the results above suggested that chrysophanol nanoparticle-reduced LNCap proliferation was related to intrinsic pathway through modulating Cyto-c expression.
Chrysophanol nanoparticle induces apoptosis in human prostate cancer cells through activating caspase-3 signaling pathway. Activating apoptosis needs to inhibit anti-apoptotic proteins and enhance pro-apoptotic proteins, activating caspase-3 and PARP to induce apoptosis. We investigated the cellular morphological changes and DNA damage induced by NQ. NQ induced the formation of blebs and rounding off of cellular structures. The morphology and Hoechst 33342 staining of cancer cells indicated that chrysophanol nanoparticle dose-dependently induced cell death (Fig. 8A) . Also, TUNEL analysis using flow cytometry revealed that apoptosis was induced by chrysophanol nanoparticle in LNCap cells (Fig. 8B) . Caspase-3 activation is well reported to be essential for inducing apoptosis. Flow cytometry analysis indicated that active caspase-3 was dose-dependently induced by chrysophanol nanoparticle in prostate cancer cells (Fig. 8C) . The immunoblotting was used here to calculate the role of different proteins associated with apoptosis. The overall results indicated the increased expression of caspase-9, and caspase-3, PARP, and Bax, and decreased expression of Bcl-2, and Bcl-xL when LNCap cells were incubated with chrysophanol nanoparticle for 24 h (Fig. 8D) . Treatment with ZDVD-FMK (caspase-3 inhibitor) increased the cell viability, and chrysophanol nanoparticle-reduced cell survival rate was enhanced after caspase-3 inhibition (Fig. 8E) . Together, these results above indicated that chrysophanol nanoparticle accelerates DNA damage and induces caspase-3-regulated apoptosis in LNCap cells.
Chrysophanol nanoparticle reduces tumor growth in vivo.
Next, xenograft tumor models were established in nude mice using LNCap cancer cells to further investigate the effects of chrysophanol nanoparticle in vivo. The tumorgenicity of the cells was calculated. LNCap cells at 2x10 5 were inoculated subcutaneously into nude mice. When tumors were obvious (tumor size 50 mm 3 ), mice were randomly grouped to receive 25 and 50 mg/kg chrysophanol nanoparticle for 28 days. Then, all mice were sacrificed for tumor weight, and IHC assays. The tumor volumes were tested every 7 days. After 28 days, the tumor size and weight were significantly reduced by chrysophanol nanoparticle in mice ( Fig. 9A and B) . Subsequently, IHC analysis was performed to evaluate TUNEL levels in tumor tissue sections isolated from mice treated with different concentrations of chrysophanol nanoparticle. As shown in Fig. 9C , H&E staining indicated that the suppressed progression of tumor after chrysophanol nanoparticle administration. Furthermore, TUNEL-positive cells were found to be upregulated in tumor sections with chrysophanol nanoparticle treatments (Fig. 9D) . Together, the data above indicated that chrysophanol nanoparticle inhibited tumor growth in vivo.
Discussion
Prostate cancer has one of the highest incidence rates amongst all diagnosed cancers in males worldwide (35, 36) . Finding effective therapeutic strategies is urgently necessary to prevent or treat human prostate cancer progression. According to the role of chrysophanol in suppressing lung cancer, leukaemia and breast cancer, it was applied in our study to investigate if it could be a novel candidate for prostate cancer treatment (37) (38) (39) . Also, the molecular mechanism revealing preventing prostate cancer by chrysophanol remains poorly understood.
Application of nanoparticles as carriers or delivery systems for chemotherapeutic drugs is attracting attention due to the specificity of nanoparticle to cancer cells, which improve drug efficiency and reduce systemic toxicity (40, 41) . AuNPs have some advantages, such as a bio-compatible core, making them an ideal initiating point for a nanocarrier system (42) . Furthermore, AuNPs experience functionalization of multiple surfaces, highly rendering them multi-use for targeting. However, some studies have pointed out high toxicity of AuNPs (43, 44) . Hence, decreasing the undesirable toxicity and enhancing sustained releasing ability and bioavailability of drugs are essential considerations. In the present study, reduced AuNPs with chrysophanol and PLGA were encapsulated for the first time. PEG tagging or PLGA encapsulation could protect the compound inside from being attacked by immune cells (11) . Following the results of our study, we found that nano-chrysophanol showed a significant enhancement of chrysophanol concentrations in serum, even at the half dose of the free chrysophanol, demonstrating the effectiveness of chrysophanol nanoparticle in organisms to prevent prostate cancer. In addition, chrysophanol nanoparticles exhibited more suppressive role in the cell proliferation compared to the free chrysophanol treatment. Thus, we supposed that chrysophanol nanoparticles have more advantages than its free form, which might be associated with the enhanced bioavailability, preservation, and water solubility. We attempted to calculate the underlying molecular mechanism of the tumor-killing role of the new drug in prostate cancer. We found that chrysophanol nanoparticles showed remarkable anticancer effects and toxicity towards human prostate cancer cells, and more effectively towards LNCap cells than other two prostate cancer cells. Furthermore, no significant difference was observed in human normal prostate cells and normal liver cells, indicating its low toxicity. We revealed that the i.p. administration of chrysophanol nanoparticles led to a significant improvement of bioavailability in comparison to the i.p. administration of free chrysophanol administered through the same route.
The therapy of targeting DNA was developed recently. DNA functions as a large receptor for a variety numbers of small molecules and thus becomes an important target for exploring anticancer agents (45, 46) . Circular dichroism spectroscopic data suggested that chrysophanol nanoparticles have the activity to interact with DNA. Therefore, chrysophanol nanoparticle cytotoxicity might be due to its inhibition of DNA synthetic process at least partly. The blocking capacity of chrysophanol nanoparticles made it effective to induce apoptosis in LNCap cells, and enhancing chrysophanol nanoparticles into nuclear DNA also caused nuclear damage. The circular dichroism spectroscopic data indicated that the interaction between chrysophanol nanoparticles and the cellular DNA in LNCap cells was more pronounced 120 min after treatment of chrysophanol nanoparticles. The interaction of chrysophanol nanoparticles with DNA promoted the ability of the drug to suppress the cell proliferation and to induce cell cycle arrest, which was accompanied with reduced cyclin D1 and CDK1, essential signals to promote cell proliferation through affecting G1 progression (47, 48) . In contrast, elevated p27 levels, regulating cell differentiation and cell cycle arrest, were found to be upregulated by chrysophanol nanoparticles (49) .
Histone deacetylase inhibitors have been investigated as therapeutic strategy for various cancers (19, 20) . The exact molecular mechanisms by which the inhibitors work remained unclear. Histone deacetylase inhibitors induced p27 and p21 expression, associated with p53 activity to inhibit tumor progression via triggering cell differentiation, growth arrest, or apoptosis-related death in a variety of cultured cells, such as leukemia cells, neuroblastoma, and melanoma, and cells from prostate, ovary, liver, lung, and gastric cancers (50) (51) (52) . Histone deacetylase inhibitors induce apoptosis, which could be assayed by DNA fragmentation, and the number of sub-G1 population was assessed using flow cytometry. Overexpression of HDACs, including HDAC1, HDAC3 and HDAC6, which are reported as the key histone deacetylation regulators, is associated with cancer development through silencing p53, p27 and p21 (53, 54) . In our study, we found that chrysophanol nanoparticles, similar to inhibitors of HDACs, could reduce HDAC1, HDAC3 and HDAC6 expression, a possible molecular mechanism by which chrysophanol nanoparticles performed their role in preventing human prostate cancer progression. The treatment of chrysophanol nanoparticles further resulted in the concomitant enrichment of acetyl histones such as Ac-H3.
Chrysophanol nanoparticle has a similar ability to trigger ROS generation. Chrysophanol has efficacy to induce apoptosis in p53-expressing cancer cells by promoting ROS. The molecular mechanism behind the enhancement in ROS is increased p53 activity (55) . P53 expression and ROS generation are correlated, and p53 could modulate proliferative proteins, including cyclin D1 (56) . Thus, elevated p53 activity and ROS production occurred in prostate cancer cells. ROS-dependent apoptosis involving p53 relies on damage to mitochondrial generally. The dramatic alterations in mitochondrial morphology during the early stages of apoptotic cell death, involve the network fragmentation and the remodeling of cristae. Activation-inactivation of p53 is also dependent on acetylation. P53 acetylation was found to be indispensable for its activation (57, 58) . In this study, we also found that expression levels of Ac-p53 were induced by chrysophanol nanoparticle, which suggested that p53 activation through its acetylation might be included in chrysophanol nanoparticle-prevention of the progression of prostate cancer. Translocation of Bax onto mitochondrial membrane produces pores, depolarizing the potential of mitochondrial membrane. Subsequently, cytochrome c (Cyto-c) moves into the cytoplasm and initiates the formation of apoptosomes along with adopter molecule Apaf-1, as well as other pro-caspase molecules, including caspase-9 and caspase-3 (59, 60) . Caspase-3 is regarded as the terminal mediator of cell apoptosis in caspase family. Caspase-3 activation has been suggested to activate PARP and induce apoptosis, which is also related to ROS production (61, 62) . In our study, we found that chrysophanol nanoparticles enhanced Cyto-c expression in cells and elevated caspase-9, caspase-3 and PARP activity. Accordingly, the anti-apoptotic signals, Bcl-2 and Bcl-xl, were reduced by chrysophanol nanoparticles in prostate cancer cells (63) .
AMPK is a pleiotropic enzyme, playing a role in the regulation of numerous functions both peripherally and centrally (64) . AMPK has now been considered as a potential therapeutic target for preventing cancer as a consequence of being a substrate (65) . Furthermore, AKT signaling pathways are linked to the inhibition of proliferation, apoptosis, and the metastasis of cells, angiogenesis and various other processes (66, 67) . AKT is involved in the proliferation of cells through its activation of cyclin D1, and inactivates caspases (68, 69) . Our results indicated that chrysophanol nanoparticles upregulated AMPK activation, while downregulated AKT phosphorylation, contributing to the suppression of prostate cancer cells.
In conclusion, chrysophanol nanoparticles reduced the expression of HDACs, CDK1, cyclin D1 and p-AKT, which might be related to the cell cycle arrest. The upregulation of p27, CHK1 and p-AMPK may have led to the arrest of LNCap cell proliferation. Flow cytometry analysis indicated that chrysophanol nanoparticles arrested the LNCap cell cycle in sub-G phase. Additionally, treatment of chrysophanol nanoparticles resulted in ROS production, along with the release of Cyto-c and Apaf-1 expression, inducing apoptosis in LNCap cells through activating caspase-3. Hence, inhibition of proliferation and induction of ROS and apoptosis by chrysophanol nanoparticles may provide a potential therapeutic strategy to prevent human prostate cancer development.
